The anode properties of SiO-C electrode materials [SiO-C:α-Fe 2 O 3 = x:100 − x (wt%)] containing α-Fe 2 O 3 fine powder (spherical particles, ca. 0.16 µm) as the additive were investigated in a lithium cell using lithium metal as the counter electrode. It was observed by scanning electron microscopy (SEM) that spherical α-Fe 2 O 3 particles are present between the SiO-C particles. The SiO-C alloying-reaction electrode exhibited a high capacity of ca. 1330 mAh g −1 . However, the electrode caused a gradual decrease in cycle capacity at around 30 cycles. On the other hand, the α-Fe 2 O 3 conversion-reaction electrode showed a high discharge capacity of ca. 800 mAh g −1
Introduction
In the development of high-performance storage batteries, it is necessary to enhance the energy density of the lithium-ion secondary battery. In recent years, silicon (Si), with a theoretical capacity of 4200 mAh g ¹1 , has attracted attention as a negative electrode material for the development of advanced lithium-ion secondary batteries. However, the Si negative electrode material shows remarkable cycle degradation due to the breakdown of the particles because of the large volume change under charge and discharge. 1 Research on high-capacity negative electrode materials such as Si-based alloys, Sn-based alloys, silicon monoxide (SiO), and transition metal oxides are is being carried out worldwide.
In these material groups, SiO-based anodes have been operated at potentials close to that of lithium metal. In addition, SiO shows a small volume change compared with the Si anode because it contains the Si-O bond, which is inert to the electrode reaction. However, the decline in coulombic efficiency by the lithium trap during the first charge is an issue.
Recently, SiO-based anode materials have been under active examination. 210 In particular, SiO-carbon composites have shown remarkable improvements in terms of capacity fading. 10 We have reported that the Si-SiO 2 -carbon composite material prepared by the heat treatment of carbon-coated SiO works as a high-capacity anode (over 1300 mAh g ¹1 per unit weight of SiO active material), and shows improved cycling properties in electrolyte solutions with siloxanes. 7 We believe that the electrolyte additive must lead to surface modification of the Si-SiO 2 -carbon composite particles.
Moreover, nanosized transition metal oxides working as highcapacity anode materials enable conversion reactions such as M x O y + 2yLi + + 2ye ¹ , xM + yLi 2 O (M: transition metal). 11 Iron oxides (M = Fe) have been investigated as high-capacity active materials in lithium cells. 1117 The conversion electrode materials can reach the coulombic efficiencies of up to 100% because Li 2 O can decompose during discharge. In addition, the abundance of iron oxide resources makes it an interesting candidate for use in such materials. However, the A-Fe 2 O 3 electrode, with a theoretical capacity of 1007 mAh g
¹1
, does not in fact show an adequate performance. We have reported that spherical A-Fe 2 O 3 fine powder, prepared by using two differential binder solutions of conventional polyvinylidene fluoride (PVDF) and polyamic acid dissolved in N-methyl pyrrolidinone (NMP), exhibits a high discharge capacity (over 1000 mAh g ¹1 ), corresponding to 6 Li per Fe 2 O 3 . 17 The cycle life of A-Fe 2 O 3 electrodes made using the conventional binder (PVDF) solution is poor. On the other hand, Fe 2 O 3 electrodes made using polyamic acid solution as a precursor of the polyimide (PI) binder show high charge/discharge efficiencies (coulombic efficiencies) of over 85% with the first charge/discharge cycle, and exhibit better cycling performances than electrodes made from the PVDF binder solution. We thought that the A-Fe 2 O 3 fine powder would prevent the disintegration of the electrode by working as an additive material to inhibit the repeated volume change occurring the expansion and contraction of SiO-C particles during charge and discharge. In addition, the SiO-C active material would be protected from electrolyte decomposition.
In this study, the anode properties of SiO-C electrode materials containing A-Fe 2 O 3 fine powder as the additive were investigated in a lithium cell. We expected that the carbon of the SiO-C particle surface would function as a conductive auxiliary agent of the A- Figure 1a) shows an SEM image of the SiO-C powder. Fine Si crystals were distributed in the SiO 2 (Si:SiO 2 = 50:50 mol%). The carbon content in SiO-C was 19.8 wt%. The carbon works as a conductive auxiliary agent and cannot act as an active material. (5 wt%), and binder (10 wt%). The A-Fe 2 O 3 powder and AB were added to the polyamic acid binder solution dissolved in NMP. The electrode paste prepared by stirring the mixture was painted uniformly on a copper sheet as a current collector, and dried at 80°C. This was then pressed and dried in vacuum at 120°C for use as a working electrode. The A-Fe 2 O 3 electrodes without AB powder were prepared with the binder only.
Electrochemical measurements
Electrochemical measurements were carried out using 2032 coin cells. These cells have a lithium metal counter electrode (Honjo Chemical Corp., lithium sheet of 0.5 mm thickness) and a working electrode. The electrolyte was 1 mol dm ¹3 LiPF 6 in a mixed solvent of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (3:7 volume ratio).
Charge/discharge measurements with a constant current density of 0.2 mA cm ¹2 during the first cycle and 0.5 mA cm ¹2 in subsequent cycles were carried out in the potential range 0 to 3.0 V versus Li/Li + . Then, AC impedance spectroscopy measurements for the cells were carried out using an impedance analyzer (Ivium Corp., IviumStat). The frequency range and applied voltage were 0.01 20 kHz and 20 mV, respectively. All the electrochemical measurements were carried out at room temperature. Figure 2 shows the cycle performance of the SiO-C alloying reaction electrode. The SiO-C electrode shows a capacity higher than 1300 mAh g ¹1 per unit weight of SiO. However, the gradual capacity degradation of the electrode occurred from around 30 cycles. It is thought that the cause of cycle degradation is the crack generated in the electrode by the volume change of the SiO-C particles and/or the reduction decomposition of the electrolyte solvent. Figure 3 shows the cycle performance of A-Fe 2 O 3 electrodes with and without AB. The former shows a higher capacity than the latter. The addition of 5 wt% AB to A-Fe 2 O 3 electrodes contributes to the enhancement of active material utilization. However, it is found that charge and discharge are possible even for an A-Fe 2 O 3 electrode without AB, because the electronic conductivity is improved by Fe materials being formed in the particles during the charge process. Furthermore, both electrodes show good cycle performances over 50 cycles. It is suggested that the A-Fe 2 O 3 particles prevent crack formation and are stable to the electrolyte in charge/discharge tests. Thus, the conversion electrode process occurs smoothly. It is therefore thought that the addition of A-Fe 2 O 3 to SiO-C may improve the cycle performance. , respectively. The electrode with x = 90 shows the highest charge capacity. In the early stages of charge, the operation potentials of the electrodes with x = 0, 50, 80, 90 shift to the higher potentials compared with that of SiO-C(x = 100). With decreasing x, the potentials rise gradually, and the charge capacity on the high-potential side increases. This result implies an increase in the capacity of the conversion electrode process. Figure 6 shows the first and second discharge curves of the electrodes [x = 0, 50, 80, 90, and 100 in SiO-C:A-Fe 2 O 3 = x:100 ¹ x (wt%)]. The first discharge capacities of the electrodes with x = 0, 50, 80, 90, and 100 are 546, 1047, 1233, 1372, and 1328 mAh g ¹1 , respectively. Two potential steps are observed in their discharge curves. The potential plateau between 0.2 and 0.5 V (vs. Li/Li + ) is associated with the desorption process for the alloying reaction of SiO-C electrode material, and the potential step between 1.5 and 2.0 V (vs. Li/Li + ) is due to the lithium desorption process for the conversion reaction of the A-Fe 2 O 3 electrode material. The electrode with x = 90 shows the highest discharge capacity, so the SiO-C active material utilization is enhanced by the addition of A-Fe 2 O 3 particles. Figure 7 shows the dependence of the charge and discharge capacities on the SiO, A-Fe 2 O 3 , and C contents of the electrodes [x = 0, 50, 60, 70 80, 90, and 100 in SiO-C:A-Fe 2 O 3 = x:100 ¹ x (wt%)] for the first cycle. The charge and discharge capacities show their maxima at around 72 wt% SiO. From the plots of the charge and discharge capacities with carbon content, the charge/discharge capacities increase greatly for carbon contents higher than around 15 wt%. On the other hand, in terms of the A-Fe 2 O 3 content, the charge/discharge capacities increase greatly blow around 20 wt%. The most suitable carbon and iron oxide contents to work as electrical conduction paths could be determined from the results described above. Figure 8 shows the dependence of the coulombic efficiencies on the SiO, A-Fe 2 O 3 , and C contents of the electrodes [x = 0, 50, 80, 90, and 100 in SiO-C:A-Fe 2 O 3 = x:100 ¹ x (wt%)] prepared from the powder mixture of SiO-C and A-Fe 2 O 3 for the first cycle. The coulombic efficiencies of the mixture electrodes increase with decreasing A-Fe 2 O 3 content. The value is saturated in the range below around 10 wt% A-Fe 2 O 3 . In terms of the carbon content, the coulombic efficiency approaches saturation in the range above 15 wt%. It is suggested that the coated-carbon material acts effectively as an electronic conduction path of the A-Fe 2 O 3 active material during charge and discharge. Figure 9 shows the Nyquist plots after the first charge for the lithium cells using the electrodes [x = 0, 50, 90, and 100 in SiO-C:A-Fe 2 O 3 = x:100 ¹ x (wt%)] prepared from the powder mixture of SiO-C and A-Fe 2 O 3 . Such semicircles should be fitted to the charge-transfer resistance (R ct ) at the anode/electrolyte interface. The diameters of the semicircles increase with increasing A-Fe 2 O 3 content. Figure 10 shows the relationship between the cycle number and R ct of the electrodes [x = 0, 50, 60, 90, and 100 in SiO-C: 
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A-Fe 2 O 3 = x:100 ¹ x (wt%)] after the first, second, and third charges. The charge transfer resistance (R ct ) decrease with an increase in cycle number. The electrodes with x = 90 and x = 100 show the same R ct values with the cycle progress, so the addition of A-Fe 2 O 3 powder to SiO-C powder does not cause a remarkable increase in the interfacial resistance of SiO-C and the electrolyte. From these results, it is concluded that small amounts of A-Fe 2 O 3 powder will not hinder lithium-ion transfer in the electrode. Therefore, the electrode with x = 90 shows a high capacity for constant-current measurements, as shown in Figs. 5 and 6. In addition, the A-Fe 2 O 3 powder may work as a protective coating material to inhibit the reductive decomposition of the electrolyte on the SiO-C particles. Figure 11 shows the cycle performance of the electrodes [x = 0, 50, 80, 90, and 100 in SiO-C:A-Fe 2 O 3 = x:100 ¹ x (wt%)]. Although the discharge capacity tends to decrease with increasing addition amount, the addition of A-Fe 2 O 3 to SiO-C improves the cycle performance. For example, the electrode with x = 50 exhibits a discharge capacity of ca. 1000 mAh g ¹1 and a superior cycling performance over 70 cycles. The A-Fe 2 O 3 fine powder should decrease the volume change of the electrodes. Figure 12 shows SEM images of the electrodes [x = 50, 90, and 100 in SiO-C:A-Fe 2 O 3 = x:100 ¹ x (wt%)] after the 100th discharge. The addition of spherical A-Fe 2 O 3 particles to SiO-C electrodes inhibits the evolution of crack in the electrode, thus suppressing the collapse of the electrical conduction path.
Conclusions
The cycle performance of SiO-C electrodes was improved by the addition of spherical A- Electrochemistry, 80(10), 812816 (2012)
